See also Nano Letters, 13 (2013) Abstract: Two-dimensional semiconductors are structurally ideal channel materials for the ultimate atomic electronics after silicon era. A long-standing puzzle is the low carrier mobility (μ) in them as compared with corresponding bulk structures, which constitutes the main hurdle for realizing high-performance devices. To address this issue, we perform combined experimental and theoretical study on atomically thin MoS 2 field effect transistors with varying the number of MoS 2 layers (NLs). Experimentally, an intimate NL   relation is observed with a 10-fold degradation in μ for extremely thinned monolayer channels. To accurately describe the carrier scattering process and shed light on the origin of the thinning-induced mobility degradation, a generalized
Coulomb scattering model is developed with strictly considering device configurative conditions,
i.e., asymmetric dielectric environments and lopsided carrier distribution. We reveal that the carrier scattering from interfacial Coulomb impurities (e.g., chemical residues, gaseous adsorbates and surface dangling bonds) is greatly intensified in extremely thinned channels, resulting from shortened interaction distance between impurities and carriers. Such a pronounced factor may surpass lattice phonons and serve as dominant scatterers. This understanding offers new insight into the thickness induced scattering intensity, highlights the critical role of surface quality in electrical transport and would lead to rational performance improvement strategies for future atomic electronics.
Keywords: two-dimensional material, chalcogenide, field-effect transistor, electrical transport, scattering mechanism Two-dimensional (2D) semiconductors are very attractive for the ultimate atomic field-effect transistor (FET) technology after silicon (Si) because of their unique dimensionality, thickness and flatness. [1] [2] [3] [4] [5] [6] [7] The intrinsic semiconducting nature, contrasting metallic graphene, allows for high on/off current ratios while the 2D structure offers compatibility to optical lithography and large scale fabrication. Besides, the ultrathin thickness enables aggressive device downscaling and high-density integration; 3-7 the atomic flatness makes them immune to surface roughness (SR)
induced carrier scattering so that they can overcome the limitation of channel thickness (t)
confronted by Si FETs. [8] [9] [10] Such merits lay the foundation for technologically viable atomic electronics. Recently, a wide spectrum of efforts has been made on the 2D MoS 2 flakes ranging from thickness characterization, [11] [12] [13] film growth, [14] [15] [16] [17] to logic and optoelectronic devices. [18] [19] [20] [21] In spite of the immunity to SR scattering, however, the ultrathin MoS 2 channels exhibit degraded electrical performance (carrier mobility μ ~ 1-10 cm 2 V -1 s -1 ) 1, 22 with respect to corresponding bulk structures (μ ~ 200 cm 2 V -1 s -1 ) 23 . In an early report, Kis et al. advocated improving μ with dielectric screening and a greatly enhanced μ ~ 1000 cm 2 V -1 s -1 was reported, 2, 24 but recently it was pointed out that the result was largely overestimated in the dual gate configuration. 25 Energy level matching between electrodes and channels was reported to be another way to improve μ in thick channels but seemed not so successful in extremely thinned atomic channels. 26 So far, the low performance in atomic FETs remains poorly understood and, without knowing the underlying mechanisms, it is difficult to develop effective strategies for realizing high-performance devices.
In this letter, we investigate the origin of electrical performance degradation in the planar FETs with ultrathin channels. A systematic evolution of μ with t (from atomic to mesoscopic scale) is Figure 1a shows optical images for as-transferred large-area MoS 2 flakes with consecutive numbers of layers (NLs) from 2 to 6. The flake thickness is double checked by optical contrast 12, 13 and interference Raman spectroscopy. 11 Here, the presence of multiple large flakes in local area offers several advantages. First, the close locations among flakes make it convenient to quickly identify NL by optical contrast. Besides, the consecutive NLs on the same substrate allow for a fair comparison of device performance because of nearly identical external scattering parameters. Furthermore, the large sizes (10-20 μm) enable us not only to etch channels with well defined width (W) and length (L) but also to deposit multiple electrodes to determine contact resistance (R c ) (Figure 1b ). These procedures help to increase the experimental accuracy. Since the layer spacing of MoS 2 c = 0.615 nm, 27 the two thickness parameters (t and NL) are correlated by t = c × NL. Most samples are within 16 layers (~10 nm) to suppress anisotropy induced c-axis access resistance (R a ), which causes μ decrease with increasing t when t > 10 nm. 26 All FETs are operated in back gate geometry with the highly doped Si as back gate and the 285 nm SiO 2 as gating dielectric (Figure 1c ).
We systematically measured the dependence of electrical performance on NL. Figure 1d shows the conductivity ( In principle, the low work function of Ti would give rise to low contact barrier for the n-type Ohmic contact to n-type MoS 2 after annealing, possibly due to the good wetting ability of Au. We find that the device stability of the Au-contacted samples is greatly enhanced as they can be stored for several months without noticeable degradation.
To avoid μ underestimation due to contact barrier, two techniques are employed to correct μ, including the transfer length measurement (TLM) 28 and the Y function method (YFM). 29, 30 The former relies on the extraction of a global R c and corrects μ by deducting the R c from total R (Figure 1f ), which requires multiple devices of varied L and thus is valid only when large-area samples are available. The latter is more convenient than the former as it is applicable to individual devices. However, it is valid only for our thick samples because it bases on the linear fitting of a derived quantity Y function 29 (
) in the sublinear regime of on state (Figure 1g 26 Unexpectedly, the R a cannot be effectively removed by the TLM or YFM correction from μ possibly because it is also highly V g -dependent. 18 Here, we skip the discussion on the R a -induced negative t close to bulk samples. We also exclude RIP as the main mechanism because it is normally weak in low-permittivity (ε) SiO 2 gated FETs at low fields and only strong at high fields or upon high-ε gating. 32, 33 The RIP scattering is expected to be weak in this study. We also tried fitting the global t   behavior with SR scattering (see Figure S5 , Supporting Information), but found it is too t-sensitive to satisfy the low NL regime due to its sharp power law dependence (
we have to use lattice phonons and CIs to explain the device performance.
Two types of phonon scattering mechanisms are considered. One is lattice deformation potential (DP), arising from the lattice vibration induced local changes in lattice potential, which includes two sources: 1) quasi-elastic scattering on acoustic phonons (ADP) and 2) Inelastic scattering on optical phonons (ODP). The other is Fröhlich interaction, caused by the coupling of carriers to longitudinal optical phonon induced macroscopic polarization electric fields, which is present only in polar compounds. Since related studies have been well summarized in literature, [34] [35] [36] we will mainly focus on the CI interaction and consider the possibility of using phonons and CIs as principal scatterers to interpret the global t   behavior.
There are several limitations in previous CI scattering models. [37] [38] [39] [40] [41] No models simultaneously consider t variation, lopsided carrier distribution and asymmetric dielectric environments around channels. For instance, simplifications of t  and 0 t  are used for bulk Si FETs 37 (Figure 3a) and graphene 38, 39 (Figure 3b ), respectively. Besides, an exclusive carrier distribution (a pulse-like delta function) is used in graphene. 38, 39 In superlattices 40, 41 ( Figure 3c ), t is tunable but symmetric carrier distributions (trigonometric) and dielectric environments ( 23   ) are often employed. In striking contrast, the structure of air/MoS 2 /SiO 2 represents a common dielectric/channel/dielectric trilayer system with finite t (e.g., t spans from 1 to 10 layers; neither 0 t  or t simplification is valid.), asymmetric dielectric environments (i.e., 23   ), and lopsided carrier distribution (close to gated dielectric). In fact, all the configurative parameters (t, carrier distribution, and dielectric environments) change the screening and polarization of carriers. Without considering the configurative differences, rigidly applying previous models on the common systems may cause large deviation. Thus, it is highly desired to develop a generalized model with accounting for realistic device configuration.
In our model, limitations are solved by removing all assumptions. We employ an electron wavefunction not only bridging atomic to mesoscopic scale but also accounting for the lopsided carrier distribution in channels. Besides, the effect of asymmetric dielectric environments is strictly
considered. An effort was made on dealing with the infinite imaging charges in the two-boundary system with 23   ( Figure S1 , Supporting Information), which leads to complicated configurative form factors in scattering matrix elements and polarization function. The achievement of exact configurative form factors constitutes one of the main contributions of this work.
Strictly speaking, MoS 2 has a layered structure and is spatially discrete. In this study, we treated MoS 2 as a continuous medium. As will be seen later, such a simplification is reasonable and the calculation agrees with the experiment. We begin with an envelope electron wavefunction following the convention in bulk Si FETs,
where z is the position in channel and b is a variational parameter which depends on t and V g . The carrier distribution is expressed as with k a tunable coefficient in unit of V -1 . Such a form, though simple, is able to bridge t in the whole range and correlate V g quickly, and thus well describes the dependence of carrier distribution on these two factors. It is easily justified that bulk () bb  as (0) t  , representing the bulk ( or the pulse-like) limit. We found k = 1/2 is an appropriate value and is used in all calculation.
For electrically gated (including bulk) FETs, carriers are typically confined within nanometers range and behave as 2D electron gas. 37 Figure 4a shows the varied electron distributions at According to Boltzmann theory, the rate of elastic scattering in 2D systems is given by
where j index denotes different elastic scattering centers, D 0 the 2D density of states,  the reduced Planck constant, sv and gg the spin and valley degeneracy factors, The intensity of CI scattering is proportional to interfacial impurity density ( i n ). By incorporating configurative form factors into t-dependent coefficients bt ( ) and ( ) tt  , the total  can then be written as In Figure 4e , we carefully compare calculation with experiment which qualitatively agree. The experimental data are from not only our Ti-and Au-contacted FETs (blue square) but also the Sc-contacted low-barrier ones (red circle) by Das et al. 26 After correction, the trend of our data is consistent with theirs, indicating the effectiveness of the TLM and YFM techniques. The experimental μ data correspond to regime, well explaining the observation in Figure 1e .
Next, we turn to the effect of dielectric environment and gate geometry. Detailed discussions remain elusive. Without knowing the basic theories, irrational experimental reports may arise. 2, 19, 24 In this sense, an appropriate theoretical insight is very important for directing experiment as well as developing rational strategies for high device performance. First, we investigate the screening effect of ungated dieelctric environment. μ increases at most twice in monolayers with the same level of n i but different top environments of air and HfO 2 , comparing curve 2 with 1 in Figure 5 itself serves as the high-ε environment. 31 Similarly, the influence of gate geometry is seen when comparing curves 2 and 4 where both n i and dielectric layers are same but gate geometry shifts from bottom-to top-gated. Under top-gating, the top high-ε dielectric starts to play dominant roles which leads to enhanced screening of impurity potentials. μ is greatly enhanced relative to high-n i devices in curve 4 (or 1). In our experiment, the oxygen plasma treatment reduces organic residues on SiO 2 surface but likely introduces large numbers of water molecules because they easily attach onto clean hydrophilic SiO 2 surface under ambient environment. In this sense, the surfacial water molecules may be one of the important sources as
CIs. In view of this, we propose that the μ of 2D semiconductors would be greatly enhanced if the n i of bare SiO 2 surface can be largely reduced by post-annealing and performing transfer in a dry environment to avoid water absorption onto bottom surface. A hydrophobic dielectric surface would also reduce water absorption and help in the same way, which has been verified very recently by Fuhrer et al. 31 Simultaneously, chemical contaminants onto top surface of extremely thinned samples should also be minimized during device fabrication.
In conclusion, we provide an in-depth understanding on the carrier transport behavior for common trilayer structured FETs, especially on the dominant scattering mechanisms at atomic scale. To accurately capture the features of dielectric environment and carrier distribution, a generalized theoretical model for interfacial CI scattering is developed. Using channel thickness as a unique clue, we confirm the tenability of using CI and phonon coexisted models to explain the global dependence of μ on t and uncover that the shortened Coulomb interaction distance is responsible for the degraded μ in ultrathin channels. As technological guidance, slightly thick channels, rather than extremely thinned monolayers, are more robust to extrinsic scattering and thus hold more favorable application promises. In addition, a clean interface is most crucial in realizing high-performance ultrathin-body FETs in atomic electronics.
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Derivation of CI scattering matrix elements, calculated scattering coefficients for CI and lattice phonon, estimation of CI density, effect of V g on μ, and global fit with SR scattering. This material is available free of charge via the Internet at http://pubs.acs.org. two boundaries which produce infinite image charges; 2) a lopsided carrier distribution which leads to complicated configurative form factors in scattering matrix elements and dielectric function. Coulomb force between two point charges, one charge is often fixed and the other one is mirror imaged by the two boundaries. This imaging process produces infinite image charges because the one boundary always produces a new image to that from the other. Thus, the final expression of the Coulomb force is an infinite series.
In our derivation, we need considering the following two cases: 1) both charges are located in the center (Figure S1b ), used for deriving the dielectric polarization function ( , ) qT  which dealing the interaction and polarization of carriers; 2) one is located in center and the other in right ( Figure S1c) , for deriving the scattering matrix elements j () Uq which consider the interaction of an external charged impurity with carriers.
For case 1, the force is given by Figure S1 (a) The dielectric environements for a common trilayer structure, where the semiconductor channel is sandwiched by two asymmetric dielectrics. (b) and (c) Applying the image method to derive the Coulomb force in the trilayer structure where the two boundaries make infinite charge images. The Coulomb force for two point charges located in the central layer is considered in (b). One charge is fixed and the other charge is mirrored through the two dielectric boundaries. This mirroring process produces infinite charge images at position n n0 =n ( 1) , n=0, 1, 2 ...
(c) plots the positions of image charges fo the case when one charge is located in the center and the other in the left dielctric. are the relative dielectric constants for related layers.
Fr[ ] denotes the 2D Fourier transformation from real to momentum space. Substituting Eq. S1
into S3, carefully dealing with the summations and merging the terms, one can finally obtain 
where eei ( , ) (i 0,1, 2,3) F q t  are the configurative form factors originating from asymmetric environments. S1 Detailed expressions are
e ( 2 2e ( )(2 ( ))) ( , ) 4( )
When the right dielectric has a same dielectric constant with the channel ( 31   ), Equation 3 is simplified into a two-layer system, exactly same as Ando's model for bulk Si FETs. 37 We also managed to reach analytical expressions for the different scattering matrix elements for CIs located in the gated and ungated dielectric environments. For planar CIs in the bottom and top dielectrics with positions z b and z t and surface densities n b and n t , the scattering matrix elements 
with the form factors The Coulomb impurities at the bottom surface may arise from water molecules and dangling bonds on SiO 2 and the impurities at top surface could stem from gaseous adsorbates as well as chemical residues introduced during device fabrication. It proved difficult to clean these impurities completely on the fragile MoS 2 by simple annealing which tends to decompose or be oxidized at elevated temperature. We have ever carefully checked the role of long-time vacuum annealing (10 -4 Pa, 200 °C for 7 hours) but found no considerable effect in enhancing carrier mobility and only a large shift of threshold voltage ~25 V is observed (See curves 1 and 2 in Figure S3 ).
On the other hand, the annealing experiment provides a chance to roughly estimate the order of impurity density. In the device, the shift of 25 V corresponds to a density variation of ~2×10 12 cm -2 .
We note that the real density could be even higher than 2×10 12 cm -2 because a complete desorption Finally, we point out that the impurity density is not necessarily a static quantity and is subject to change during measurement. This may be contributed to the re-absorption of gas molecules on top surface and/or charge injection and trapping in the dielectric layer from bottom gate.
Comparing curves 2 and 3, a ~10 V restoration of threshold voltage is observed after 26 hour measurement at room temperature. This partially accounts for the variation of our experimental data and is the reason why we use multiple n t /n b ratios to fit all data.
4. Effect of V g on μ 
S4
For exfoliated graphene, the ubiquitous surface ripples are argued to possibly result in strong scattering. S5 Here, the possible scattering from ripples in MoS 2 is treated as surface roughness because they share a similar origin (that is, the potential fluctuation at the channel/dielectric interface). Together with phonon and CI contributions, the SR scattering is plotted in Figure 5a calculations failed to fit the global t   behavior. In view of this, we do not think ripples are a main scattering mechanism and deserve consideration.
